Escherichia coli is capable of growing on L-fucose or L-rhamnose as a sole source of carbon and energy. When grown under anaerobic conditions on either sugar, a nicotinamide adenine dinucleotide-linked L-lactaldehyde:propanediol oxidoreductase activity is induced. The functioning of this enzyme results in the regeneration of oxidized nicotinamide adenine dinucleotide. Conditions of induction of the enzyme activity were studied and were found to display different characteristics on each sugar. In the rhamnose-grown cells, the increase in enzyme activity detected under inducing conditions was accompanied by the synthesis of propanediol oxidoreductase, as measured by the appearance in the extracts of a protein that reacts with propanediol oxidoreductase antibodies. In contrast, in fucose-grown cells, the level of propanediol oxidoreductase as measured by enzyme antibody-reacting material was high under noninducing and inducing conditions. Thus, the increase in enzyme activity detected in going from noninducing to inducing conditions in fucose-grown cells did not depend on the appearance of the specific protein but on the activation of the propanediol oxidoreductase already present in the cells in an inactive form. The propanediol oxidoreductase of both homologous systems should consequently be regulated by different control mechanisms.
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L-Fucose and L-rhamnose are metabolized in Escherichia coli through parallel pathways ( Fig.  1 ) mediated by the sequential action of a permease (10) , an isomerase (9, 23), a kinase (13, 24) , and an aldolase (4, 8) . The two homologous sets of inducible proteins are each specific for the metabolism of its corresponding sugar and are coded by two different gene clusters located on the E. coli chromosome at 60 min for fucose and 87 min for rhamnose (2) . The genes of the rhamnose system constitute a well-defined operon (18) , whereas the fucose system seems to maintain the gene for aldolase under separate control (11) .
Both pathways converge after the corresponding aldolase action takes place, cleaving the sixcarbon derivative of either methyl pentose into the same products: dihydroxyacetone phosphate and L-lactaldehyde (Fig. 1) . Aerobically, L-lactaldehyde is oxidized in two steps to pyruvate by means of NAD-dependent lactaldehyde dehydrogenase (22) and a flavin-linked lactate dehydrogenase (5), thus channeling all of the carbons from fucose or rhamnose into central metabolic pathways. Anaerobically, lactaldehyde is reduced to L-1,2-propanediol, which is excreted into the medium by an NAD-linked oxidoreductase, regenerating the oxidized coenzyme and allowing the fermentation of fucose or rhamnose to proceed (3) .
Propanediol oxidoreductase has been described previously as an enzyme inducible by anaerobic growth on fucose (5) or rhamnose (3) which is never found under aerobic conditions even in the presence of the inducer. Nevertheless, in this report we present evidence of the presence of inactive propanediol oxidoreductase, as measured by its reaction with specific antibodies in cells grown aerobically on fucose but not in cells grown aerobically on rhamnose. As a result, the fucose system, in contrast to the rhamnose system, calls for a regulatory mechanism other than the control of gene expression to modulate the oxidoreductase activity.
MATERIALS AND METHODS
Bacteria. The strain used in this study was an E. coli K-12 strain, also known as E-15 (1) and herein referred to as strain 1 Preparation of cell extracts. Cells were harvested at the end of logarithmic phase by centrifugation, washed in 10 mM Tris-hydrochloride buffer (pH 7.3), and suspended in four times their wet weight of the sme buffer. The suspension was sonically disrupted in an MSE sonicator set at an amplitude of 18 to 24 pm for periods of 30 s/ml of cell suspension in a tube chilled at 0°C. The supernatant fraction, after centrifugation at 100,000 x g for 60 min at 4°C (to remove NADH oxidase), was used for enzyme assays (12) .
Enzyme assay. Spectrophotometric assay for propanediol oxidoreductase was performed at 25°C in the direction of lactaldehyde reduction by following the absorbance decrease at 340 nm (NADH loss). The activity was measured in an assay mixture (1 ml) that consisted of 2.5 mM L-lactaldehyde, 100 mM sodium phosphate buffer at pH 7.0, and 0.125 mM NADH.
The three-carbon substrate was omitted from the blank mixture. All reactions were started by addition of the enzyme. One unit of enzyme activity was defined as the amount of enzyme that transforms 1 pmol of substrate per min.
Concentration of the protein in cell extracts was determined by the method of Lowry et al. (16) , using bovine serum albumin as standard.
Immunological techniques. Antisera against propanediol oxidoreductase were raised in New Zealand white rabbits, using as antigen the strain 430 enzyme purified by the method described previously (3). Propanediol oxidoreductase (1 mg) in 1 ml of 10 mM Trishydrochloride-150 mM NaCl (pH 7.3) was emulsified with 1 ml of Freund complete adjuvant, and the mixture was injected (intramuscularly) into each rabbit. Booster injections were given 3 weeks (4 mg, subcutaneously) and 4 weeks (1 mg, intravenously) later.
The rabbits were bled 1 week after the last booster injection. Double immunodiffusion and quantitative immunoelectrophoresis were performed as described by Ouchterlony (17) and Laurel (15), respectively.
RESULTS
Growth profile in an aerobic-to-anaerobic shift. E. coli cells adapted to anaerobic conditions differently on fucose culture than on rhamnose culture. This different adaptation was first found by following the growth profile in a culture shifted at an early logarithmic phase from aerobic to anaerobic conditions. It was important to effect this shift at an early logarithmic phase so that both a perfect aerobicity of the culture before the shift and a significant growth yield under anaerobic conditions after the shift were guaranteed. Figure 2 On the other hand, the basal activity in extracts of cells grown aerobically on rhamnose was found to be lower than that found on fucose, but the growth ofthese cells on rhamnose under anaerobic conditions promoted a 50-fold increase of enzymatic activity to levels close to those found in cells grown anaerobically on fucose.
Immunological quantification of propanediol oxidoreductase in fucose-and rhamnose-grown cefls. A more direct indication of the induction of the enzyme was achieved by immunological techniques which determined the amount of the propanediol oxidoreductase protein in the extracts used for enzyme activity assays. This quantification was performed by means of an immunoelectrophoresis of crude extracts against propanediol oxidoreductase antiserum obtained with the strain 430 purified enzyme. Immunological identity between propanediol oxidoreductase, as induced by either fucose (aerobically or anaerobically) or rhamnose (anaerobically) in strain 1, and the constitutive enzyme of strain 430 was confirmed by double immunodiffusion (Fig. 3A) .
Immunoelectrophoresis of extracts of cells grown aerobically on fucose, hence with a low level of enzyme activity, surprisingly showed a high level of propanediol oxidoreductase. This amount ofoxidoreductase protein as represented by the length of the rocket was nearly two-thirds of that found in extracts of cells whose enzyme activity had been fully induced under anaerobic conditions (Fig. 3B) .
The extracts of cells grown aerobically on rhamnose presented an undetectable level of propanediol oxidoreductase, in contrast to the above-described results for fucose. Nevertheless, under anaerobic growth on rhamnose (inducing conditions), the oxidoreductase proteir a level similar to that obtained by a growth on fucose (Fig. 3B) .
DISCUSSION
The data obtained show that the e: and activity of propanediol oxidoredi fucose-and rhamnose-grown cells is regulated in a different way (Fig. 2) .
On one hand, the regulation of propanediol oxidoreductase activity in cells grown on rhamnose seems to be clearly mediated by a mechanism of induction of the gene coding for the enzyme. Although the nature of the inducer d
itself is yet to be described, it is clear that the induction requires both the presence ofthe sugar and the absence of oxygen.
On the other hand, the presence of high amounts of propanediol oxidoreductase in cells grown aerobically on fucose, where low levels of oxidoreductase activity are found, inevitably calls for a regulatory mechanism of the enzyme activity other than the control of gene expression. This finding leads us to surmise that the propanediol oxidoreductase present under aerobic conditions is inactivated by some biochemical mechanism and that this inactivation will be relieved under the new metabolic situation of anaerobic conditions. Several mechanisms may be invoked for such a regulation, but in any case, a prime candidate for the modulator would be the state of oxidation of the coenzyme. A number of arguments may be offered to this end: (i) the process of fermentation, in which the enzyme is involved, is in itself related to the state of the coenzyme, (ii) the aerobic-to-anaerobic shift will produce in these cells important changes in the intracellular en fucose-levels of oxidized and reduced coenzyme (25) , ductalle Of and (iii) enzymatic activity may be modulated reductase by the interaction of the NAD coenzyme with CCts ofd(a oxidoreductases by allosteric interactions (21, et(30 og Of 26) or by formation of abortive ternary combically on plexes (6, 7, 14 (19) , the formation of abort shown). tive temary complexes would be of special internketo were est in situations in which two enzymes compete g 1.5% of for a common metabolite. In our case, lactaldeextract of hyde would be in such a situation between pro-(2) aerobi-panediol oxidoreductase and lactaldehyde de- cose, and hydrogenase.
Hitherto, only one gene coding for propanediol oxidoreductase (linked to the fucose system n reached genes) has been described in the E. coli chromaerobic mosome (5) . Nevertheless, two different metabolic systems (fucose and rhamnose) seem to use the product of a propanediol oxidoreductase structural gene (3) . Two possibilities arise under such circumstances: both systems may be using xpression the same gene linked to the fuc locus although uctase in regulating its expression in a different way or each system may be using a different gene, one linked to fucose and the other presumably linked to rhamnose. Under the second alternative, it would clearly be a question of two equal or highly similar copies of the propanediol oxidoreductase gene since their products, induced by fucose or rhamnose, are indistinguishable (3).
The difference, as reported in this article, between regulation of the synthesis of the propanediol oxidoreductase in fucose-or rhamnosegrown cells seems to point toward the two gene alternative. This could be reinforced by the fact that fucose and rhamnose genetic systems may have a common evolutionary origin. In this sense, it may be pointed out that evolution by duplication and differentiation of one genetic system from the other as established by Riley and Anilionis (20) may be also applicable in this case. On the one hand, both systems lie approximately 900 apart on the circular map of the E. coli chromosome, thus indicating a possible repeated duplication of the whole chromosome (27) . On the other hand, the substrates, except lactaldehyde, of each homologous enzyme in both pathways are different (Fig. 1) , thus exercising a pressure for the differentiation of homologous genes derived by duplication. The identity in the substrate of propanediol oxidoreductase in both systems would explain the absence of gene differentiation, although it must be remembered that the presence of two identical copies of the same gene may lead to the loss or silencing of one of them by evolutive pressure.
Analysis of propanediol oxidoreductase induction in mutants with the fucose genetic system completely deleted is currently under way and will probably show evidence of the existence of a second propanediol oxidoreductase structural gene.
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